Arc and glow discharges are defined based on their cathode processes. Arcs are characterized by collective electron emission, which can be stationary with hot cathodes (thermionic arcs), or non-stationary with cold cathodes (cathodic arcs). A brief review on cathodic arc properties serves as the starting point to better understand arcing phenomena in sputtering. Although arcing occurs in both metal and reactive sputtering, it is more of an issue in the reactive case. Arcing occurs if sufficiently high field strength leads to thermal runaway of an electron emission site. The role of insulating layers and surface potential adjustment through current leakage is highlighted. In the situation of magnetron sputtering with "racetrack," the need for a model with two spatial dimensions is shown. In many cases, arcing is initiated by breakdown of dielectric layers and inclusions. It is most efficiently prevented if formation and excessive charge-up of dielectric layers and inclusions can be avoided.
Introduction
Arcing on sputter targets and negatively biased substrates is known as one of the most challenging issues in physical vapor deposition of thin films and coatings. This is particularly true when high-rate deposition with reactive gases, large area deposition, and high power pulsed sputtering are considered. Much progress has been made in the development of power supplies that can handle arcing events with minimal damage to target and substrate. However, relatively little is known about the processes leading to arcs and the physics of the arcing events themselves. In this contribution, the issue of arcing is approached from the point of view of arc physics. Current knowledge of arcing and arc suppression is reviewed.
Some Fundamentals of Arcs and Glows

Comparison of arcs and glows
In older (yet still standard) textbooks on plasmas [1] , arcs are introduced as electrical discharges characterized by relatively high current (say, much greater than 1 A) and low burning voltage (say, less than 50 V). In contrast, glow discharges often have low current and high voltage. That description, of course, is a superficial and it will cause confusion when extreme cases are considered, such as high-power magnetron discharges as they are typical for today's large area deposition. Therefore, we need a more stringent approach to arcs and glows [2] .
The fundamental difference between arcs and glows can be found in cathode processes.
Arcs are characterized by a collective electron emission mechanism from the cathode, whereas glow discharge cathodes emit electrons by individual processes.
There are two fundamental modes of collective electron emission: thermionic and explosive. Correspondingly, one distinguishes between thermionic and cathodic arcs.
In thermionic arcs, the most energetic electrons of the Fermi-Dirac distribution are able to overcome the potential barrier at the cathode surface, provided the cathode has a high temperature. Emission is often assisted by an electric field that deforms the potential barrier (Schottky effect). The current density can be described by the Richardson-Dushman equation In contrast to thermionic arcs, cathodic arcs can operate with the cathode near room temperature. Electron emission occurs at hot, non-stationary, micron-size cathode spots [4] .
Research indicates that each cathode spot has an average current density of order 10 12 form. To obtain higher electron current, it is energetically more effective to increase the temperature on a small area than to increase the area at constant temperature.
One may consider the operation of cathodic arc spots as a rapid sequence of microexplosions [5] . In these explosive events, large amounts of electrons can overcome the potential barrier. The cathode material in the vicinity of the spot experiences phase transformations, ultimately resulting in fully ionized, rapidly expanding plasma. Thermal conduction in the solid increases the active spot area and reduces the power density, while the electrical conductivity below the spot is reduced at high temperature. Therefore, a microexplosion destroys its own favorable condition. As a side effect of plasma formation, material located between the dense plasma and the much colder cathode is in the liquid phase, subject to the pressure of the plasma. As a result, the material is ejected as droplets or "macroparticles," often under shallow angle to the cathode surface, and a crater is left on the cathode surface [6] . The formation of macroparticles is highly undesirable and a major reason why arcing is of great concern to sputter deposition.
In both cases of thermionic and cathodic arcs, electrons are emitted in large amounts. It is impossible to emit only a few electrons via the mechanisms described. The emission is always a result of the collective behavior of many particles in a certain environment. In the case of cathodic arcs, there exists a minimum 'chopping' current [7] and a minimum localized action [8] .
Collective electron emission is the key characteristics for an arc discharge.
LBNL-54220 Journal version: Thin Solid Films (2005) 5 Electron emission in glow discharges results from individual events, usually secondary electron emission by primary ion impact, however, also primary photons or electronically excited atoms can contribute. Each event deforms the potential barrier and provides energy that enables a discrete number of electrons to escape from the cathode surface. Obviously, the material, surface state, and energy and impact angle of the primary particle affect the outcome (yield) of each event [9] .
Magnetron discharges are magnetically enhanced glow discharges, where the ionization probability of gas atoms or molecules by electron impact is greatly enhanced due to the motion of electrons in the ExB field [10] . Although the plasma density is higher, and the operational pressure may be lower than in glow discharges without magnetic field, the cathode processes are still indicative for the glow nature of the discharge. Secondary electron emission by primary ions is only efficient when the impact energy exceeds about a couple of 100 V, hence the glow discharge voltage is high, usually many 100 V. Besides providing energy for secondary electron emission, primary ions bring enough energy to overcome the surface binding energy of atoms, leading to target sputtering [11, 12] , the desirable side effect that made us work in this field in the first place.
Role of cathode surface conditions
Surface contamination and non-metallic surface layers cause important modifications to the electron emission for both arcs and glows. It is clear that the potential barrier from the Fermi LBNL-54220 Journal version: Thin Solid Films (2005) 6 level to vacuum level is hidden by an additional potential structure as determined by the nonmetallic material.
For glow and magnetron discharges, this is the well-known case of target poisoning [13] .
Arrival of an energetic ion at the poisoned target often results in a greater secondary electron current, which is in part due to tunneling enhancement by a non-metallic layer and also affected by increased voltage and ion energy.
For arc discharges, phenomenology and parameters of cathode spots are greatly dependent on the presence of non-metallic layers and inclusions [14, 15] . One generally distinguishes between type 1 and type 2 cathode spots [16] . Type 1 occurs in the presence of non-metallic layers while type 2 burns on metal surfaces. Depending on the circumstances, type 1 and 2 may successively appear in the same arc discharge due to material erosion: the arc may start with type 1 spots and rather distinctly transitions into type 2 spots (hence the order of numbering). Type 1 spots produce small, separate craters, have relatively low erosion rate, and spot motion is fast. The plasma contains metal and non-metal species. In contrast, type 2 spots make chains of large craters, move slowly, and have high erosion rate. The plasma contains multiply charged metal ions of the cathode material [17, 18] .
Thermal runaway and ignition of cathodic arc spots
A key to understanding arc spot types, spot operation, characteristic times, and other parameters is to look at the life cycle of a spot, in particular the physics of spot ignition. Ignition of a spot occurs when the thermal run-away condition is fulfilled [19] .
Thermal runaway may be explained as follows. The cathode surface is subject to a high electric field. In the presence of plasma, most of the applied voltage drops in a very thin sheath near the cathode. Therefore, even a small voltage drop of order 10 V, which is characteristic for arc discharges, can create an electric field at the cathode surface strong enough to cause field emission of electrons. Field emission current depends in a highly nonlinear way on the electric field strength.
Since the surface is never perfectly flat and chemically uniform, there are always locations that produce an emission current density that is enhanced compared to the average. This enhancement sensitively depends on field-enhancement factors, the most important being geometric enhancement through nano-protrusions and step defects, and localized charges on insulating inclusions, e.g. grains of oxide, dust, flakes. From high-voltage experiments in vacuum it is known [20] that the local field enhancement factor, β , which includes all types of enhancement, is often in the range 10-100, but in some extreme cases may exceed 10 3 .
Therefore, there are conditions where the local electric field strength can be significantly higher than the average surface field strength. Coupling this field enhancement with the nonlinear field dependence of emission, one can easily see that electrons are emitted in a highly localized way. (2005)   7 That alone would not lead to spot formation. There exists a positive feedback loop amplifying emission. The feedback is associated with localized ohmic heating of the emission site. A locally higher temperature increases the number of electrons in the distribution function that are able to overcome the potential barrier, which leads to even higher current density than provided via field emission. This higher current density in turn leads to greater ohmic heating of the site, which again increases electron emission. The temperature of the emission site may runaway and may quickly (< 1 ns) exceed the melting and boiling temperature of the material.
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Phase transitions occur and dense plasma is formed, which expands into the available space on a slower time scale (10s of ns due to inertia). The spot is ignited.
The minimum local field required to ignite a spot depends on the material. For clean materials, the "cohesive energy rule" [21] provides guidance on the "ease" of arcing, for example, aluminum (3.4 eV/atom) is much easier to ignite than tantalum (8.1 eV/atom).
One should note that the combined field and temperature-based emission is known as thermofield emission, which is greater than the linear superposition of field and thermionic emission [22] . Thermofield emission can approximated by [23] ( ) ( )
where E is the electric field and A, B, C, and D, are material-specific constants. 
where is the voltage drop in the sheath. The Child sheath thickness scales with plasma density because the electron Debye length An active (emitting) spot will increase its area in time (~10-100 ns timescale) due to heat conduction, and thus the power density, which is P j V ≈ ∆ , will be reduced in time because the current density, j, decreases. Additionally, the very hot cathode metal under the spot will have a higher resistance than the bulk metal, and therefore the potential of the spot surface will have a little less negative potential than the surrounding target area. For these reasons, a newly formed spot, electrically in parallel to the original spot, will take over the current from the original spot.
The original spot will cool down and gradually (~1 µs timescale) cease to emit electrons [26] .
These spot processes depend on the surface conditions [4, 15] . Consequently, ignition is most likely at the rim of an active crater. The time constants are related to the motion of cathode material and formation of a protrusion [27] , which is slower than the characteristic time of plasma expansion. Therefore, type 2 spots produce chains of craters and have more time to "excavate" the cathode surface than type 1 spots.
Arcing in Metal Sputter Deposition
With the exception of some special cases of self-sputtering [28] [29] , metal deposition by sputtering is done using a noble gas such as argon. New targets usually have a thin dielectric layer (oxide), which is quickly removed when sputtering starts. Arcing is therefore only an issue when the current is high, i.e. when the sputter power settings are such that the sputter current exceeds the arc chopping current by a wide margin. This is in particular the case when high power pulsed magnetron sputtering (HPPMS) is employed [30, 31] . In HPPMS, the current can readily exceed 100 A, which is a current level normally used in arc deposition systems. At this level, it is not reasonable to use current signals for the determination of the arc or glow mode.
This question can be best addressed by considering voltage. When arcing occurs, the voltage will sharply drop to typically less than 100 V. At high current it is likely that spots quickly transition into type 2. The plasma density is greater over the racetrack than outside due to LBNL-54220 Journal version: Thin Solid Films (2005) 11 ionizing collisions by magnetized electrons. Therefore, in the metal sputtering case, the sheath over the racetrack is thinner than outside the racetrack.
A beautiful experimental demonstration of arcing on an aluminum target in argon was presented by Tomasel and co-workers [32] . Using a high-speed camera, they imaged arc spots ignited near the edge of the racetrack. The electrons emitted by the arc spot are magnetized in the field of the permanent magnets. One can see that even with noble gases, metals that easily form oxides have a non-metallic layer outside the racetrack, promoting arc ignition near the racetrack edge. This will be further discussed in the next section. The study is also a nice visual confirmation of the well-known ExB drift.
Wickersham and coworkers [33] [34] [35] demonstrated in a series of papers that dielectric inclusions such as Al 2 O 3 in an Al target caused arcing. They found that inclusions must have a critical size to reproducibly ignite an arc. Their findings could be interpreted in light of statements and models presented in the next section.
Arcing in Reactive Sputter Deposition
Arcing is a much greater issue in reactive sputter deposition than in metal deposition.
The gas causes a compound layer to form on the target surface (target poisoning). If magnetron sputtering is considered, the main sputter area (the "racetrack") may remain free of a poisoned layer but a compound film always forms outside the racetrack. The arcing issue is especially severe when the compound is highly insulating, and it is further exacerbated when deposition is done with high target current.
In the literature, different phenomenological arcing types have been distinguished, sometime labeled as flashover, unipolar arc, bipolar arc, and microarc (e.g. [36] ). Obviously, not all arcing events are equal. From the arc physics point of view, it is tempting to search for a relation between these phenomenological types and arc spots of type 1 and 2.
The time-dependent behavior of an insulating layer on a sputter target was modeled by Barnat and Lu [37] . The same model was also applied to study charging of insulating layers on biased substrates exposed to transient plasmas [38] . These authors used a 1-dimensional equivalent circuit for the plasma-sheath-insulator-target structure (Fig. 1) .
The most important unknown is the surface potential of the insulator, The current densities in the bracket designate ion and electron currents from the plasma sheath, displacement current (negligible, unless very high frequencies are considered), and leakage current though the insulating solid layer. Note that some terms in the current balance are positive and others are negative.
If the layer has a noticeable conductivity, the leakage current is large and the layer surface potential will be close to the target potential. In the opposite case, when a highly insulating layer is formed, the leakage current can be neglected. In steady-state, the surface is floating, that is, its potential will adjust such as to precisely balance the flow of electrons and ions from the plasma. Since electrons are more mobile than ions, the surface potential will be negative with respect to the plasma potential, with the difference being a few kT e , that is typically of the order of 10 Volts. That implies that most of the voltage between target and plasma (several 100 V) is actually dropping in the insulating layer, and the sheath voltage and thickness is reduced accordingly.
The target is heavily sputtered in the racetrack area, and the insulating layer is mainly formed outside the racetrack. One has to consider different conditions over, near and far from the racetrack. Therefore, any realistic model of insulating layers on sputter targets should have at least two spatial dimensions. (2005)   13 LBNL-54220 Journal version: Thin Solid Films (2005) 14 The sheath above the different zones has to accommodate very different voltages: the full cathode fall over the racetrack and the floating potential over the insulating later. In contrast to the metal sputter case, the sheath thickness over the racetrack will be thicker than over the insulating layer. The transition zone will have a tilted sheath edge (Fig.2) .
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Ions arriving at the transition zone have a non-normal angle of incidence and reduced current density, but their sputter yield is increased. In a recent study, Kim and Economou [39] developed a 2-dimensional sheath model for the metal-insulator transition. Although their voltage assumption was an order of magnitude smaller than what is observed in sputtering, their model is useful to improving our understanding arcing.
A very thin "poisoned" layer exists immediately, especially for metals that easily form compounds. As long as the layer is only a few monolayers thick, charge transport through the layer can occur for two reasons. One is the kinetic energy of the impacting ion, leading to local deformation and destruction of the film structure by creating a thermal spike that quenches in less than 1 ps. Such spikes can be studied with molecular dynamics simulations using environment dependent interaction potentials [40] . The other reason is that even in the absence of thermal spikes, charge tunneling is likely. The tunneling mechanisms can involve electrons and holes, and depend on the material. Band-to-band tunneling has been identified as a dominant mechanism at high fields. For a very thin layer, net growth is the result of competition between deposition from scattered atoms and sputtering by ions accelerated in the sheath. Therefore, for some time, film growth outside the racetrack is slow or close to zero. x 10 9 V/m. This extremely high field strength will cause the insulator to breakdown unless other leakage and loss mechanism still play a role. For example, the breakdown field strength for aluminum oxide in the thickness range of 23-187 nm has been determined to 0.9 V/nm [42] , 0.3-1.3 V/nm [43] , and 0.74 V/nm [44] . Ultrathin Ta 2 O 5 films have a breakdown field of about 0.3 V/nm [45] .
When the layer surface potential approaches floating potential, ions will be much less accelerated than those ions over the racetrack. Therefore, there will be a bifurcation point in the layer growth process. Initially, insulating layer growth is very slow since ions sputter the growing layer. At the bifurcation point, the potential changes, which in turn increases net growth rate due to the lack of sputtering. That might explain the finite time of many minutes before arcing onset was observed for polished aluminum targets [46] .
LBNL-54220 Journal version: Thin Solid Films (2005) 16 Additionally to vertical gradients, lateral potential gradients will develop, especially in the transition zone near the racetrack. Although the lateral field is weaker (~10 7 V/m), it can cause charge hopping on the surface, which in a two-dimensional model will appear as an additional leakage current term. The electric field is enhanced at the insulator-metal-gas triple point, which in the area of high voltage insulation is known to preferentially emit electrons, potentially developing into a flashover avalanche [47] . One may speculate that this kind of leakage is extremely frequent; it seems to correspond to Koski's [36] description of "microarcing" on insulators (in this context a somewhat misleading term). Occasionally, larger amounts of charge may be involved, giving rise to the observed "unipolar arcs" between insulator and target. Again, "flashover" is a more conventional term of this discharge phenomenon.
Additional leakage mechanisms could involve defects of the growing insulator, which may be caused by target roughness, dust particles, etc. This defect leakage current can result in avalanches through the layer, creating a highly conducting plasma channel. It will cause breakdown of the target voltage and onset of arcing (in Koski's nomenclature a "bipolar arc"), with all typical arc spot effects described earlier in this paper. In a rapid sequence, new arc spots will be ignited until the stored energy is exhausted or the power supply shuts down the arc.
Segers and coworkers [46, 48] have experimentally shown that arcing in reactive sputtering occurs with very high probability in the transition zone next to the racetrack. They developed a one-dimensional model for the transition zone assuming that leakage through the insulator is present (therefore the layer surface will not reach the floating potential). In light of LBNL-54220 Journal version: Thin Solid Films (2005) 17 the transitional character of this zone, their model should be considered as a step towards a future, more comprehensive, 2-dimensional model.
Arc Suppression Circuits and Other Mitigation Measures
There are numerous approaches to mitigate and handle arcing events. In one approach, one tries to prevent the formation of a transition zone by moving either the target relative to the magnet (rotating magnetrons [49] ) or moving the magnets behind the target. In both cases, formation of a racetrack and transition zone is avoided (one has the additional benefit of better target utilization).
In another approach one neutralizes charge buildup by pulsing the target potential. In particular one may asymmetrically reverse the polarity of the applied voltage [50] . Good results have been obtained when the pulsing frequency was high and the pulse duty cycle moderate or low [51] .
Yet another approach, related to the above, is dual magnetron sputtering. In this case, the target of a second magnetron serves as the anode of the first. Potential reversal can be symmetric, and one also solves the "disappearing anode" issue. In contrast to reversing pulsed bias, dual magnetron sputtering typically uses sinusoidal waveforms.
A last (but not least) line of defense is the use of "smart" power supplies. Arcs are detected by rising currents and/or falling voltage. As pointed out before, at very high sputter LBNL-54220 Journal version: Thin Solid Films (2005) 18 power levels, voltage drop detection is much less ambiguous than current changes. Once detected, a smart power supply shuts down the arc by interrupting energy supply, and in some cases the voltage is reversed. Sputter conditions are restored after the arc spot region was allowed to cool down. Developers of power supplies have succeeded in reducing the duration between arc detection and shutdown to some 10 µs. However, since arc ignition and spot development are sub-microsecond events, residual damage may still occur, such ejection of some macroparticles.
Conclusions
Arcing phenomena on sputter targets can be related to the physics of arc phenomena which were mainly investigated for other applications, such as arc switching, high voltage insulation, and cathodic arc deposition. Arc spot types 1 and 2 are associated with the presence or absence of non-metallic surface layers, respectively, and they can be related to arcing phenomena seen in metal and reactive sputtering. Arcing is an issue especially in reactive deposition. The ignition of arc spots is promoted by the presence of thin insulating films and inclusions. As the film growths and leakage current is reduced, the surface potential of insulating layers approaches the floating potential, and therefore most of the applied target potential drops in the insulating compound. As a result, insulating film growth accelerates due to reduced sputtering, but the high field strength can be sufficient to cause dielectric breakdown, which initiates an arc discharge. Mitigation measures focus on the prevention of the formation of insulating layers near the racetrack, the prevention of charge buildup by frequent reversal of LBNL-54220 Journal version: Thin Solid Films (2005) 19 polarity, and smart power supplies that can rapidly shut down arcs, thereby minimizing damage to the substrate. 
